This study aims to clarify the shear resistance mechanism of reinforced concrete and prestressed concrete tapered beams without stirrups. Three series of seven beams with different parameters (a/d ratios and prestress levels) were tested. The results showed that there is no effect of the taper on the short beam due to the arch action. The slender RC tapered beam (2.5<a/d<4.5) had the higher shear capacity, while the RC tapered beam in large a/d ratio (a/d equals to 5.0) had the smaller shear capacity. When the prestressing force was introduced, the tapered beam again had the larger shear capacity. In addition, nonlinear FEM analyses were conducted to complement the experiments and verify the results, which showed a good agreement including load-deflection curves, load capacities, and crack patterns. A new evaluation method for the shear capacity of tapered beams without stirrups was finally proposed, by determining the location of the critical section through the nonlinear FEM analyses.
INTRODUCTION
Reinforced concrete (RC) members in which the depth of the cross section varies along the axis are frequently used in structural portal frames, cantilevers, and bridge pier structures. These members can be designed according to the required resistance against the external load. The cantilever or tapered RC beam in Fig. 1 has larger depth at the middle part to resist large flexural moment and shear force. Consequently, it can efficiently use the concrete and steel reinforcements, considerably reducing the dead load, save on material cost, and contribute to an aesthetic design. In the highway structures of urban areas, sometimes prestress concrete (PC) tapered beams with long span are also used to reduce the self-weight, save space, and maintain the beautiful appearance. Despite the fact that RC or PC tapered beams are commonly used in current structures, the number of experimental data to predict the shear behavior of tapered beams is insufficient. Moreover, rational and economical design method of tapered beams in the current JSCE (Japan Society of Civil Engineers) standard specifications for concrete structures 1) has not been established yet. Engineers are using this kind of beams based on the empirical and conservative design method, which is not accurate and uneconomic. Therefore, it is necessary to propose a convenient evaluation method with high accuracy and compatibility for tapered beams to ensure a reasonable design.
As a major approach to evaluate the shear capacity of normal RC beams is to evaluate the shear contribution of concrete and stirrups parts separately, most of the research related to this topic had been conducted on the RC tapered beams without stirrups first, which is also the main objective of this paper. Ishibashi et al. 2) reported that for deep tapered RC beams without stirrups (a/d ratio from 0.33 to 1), the effect of the taper is not influential to the shear capacity. The reason may be attributed to the occurrence of the arch action. Nevertheless, from the experimental results of Kakuta and Matsui 3) and MacLeod and Houmsi 4) , the shear capacity of tapered RC beams without stirrups (a/d in the range of 3.0 to 4.0) can increase compared to the constant depth beams; even if the amount of concrete was reduced due to the tapered slope. However, they do not give a clear explanation on how the slope of taper affects the shear failure processes. On the other hand, Kakuta and Matsui 3) also reported that the shear capacity of tapered RC beams with a/d ratio more than 4.0 may become slightly lower than that of constant depth beams. For the PC tapered beams, no previous research has been published. In order to clarify the shear resistance of the RC and PC tapered beams without stirrups, three series of specimen tests were conducted in this study. In addition, an evaluation method for the shear capacity of RC and PC tapered beams without stirrups is also proposed through experiments and FEM analysis.
EXPERIMENTAL AND ANALYTICAL OUTLINE (1) Experimental program a) Test specimens
Seven specimens devided into three series were subjected to a four-point bending test in the experimental program. Table 1 and Fig. 2 summarize and illustrate the details of tested beams, including the dimension and reinforcing bars arrangement of the tapered beams and referred beams. All the specimens were designed to fail in shear by providing no stirrups in the test shear span while ensuring the sufficient flexural capacity. The three series of specimens were designed based on the following considerations: (I) the tapered RC short beam without stirrups (a/d equal to 1.4); (II) the tapered RC slender beams without stirrups (a/d equal to 2.7); (III) the tapered PC beams in large a/d ratio and without stirrups (a/d equal to 5).
b) Material properties
In all seven specimens, D22 bars (As=760.2 mm 2 ) with yield strength of 930 N/mm 2 were used as tensile longitudinal bars. Two D6 bars (As=31.67 mm 2 ) with yield strength of 328 N/mm 2 were used as compression bars. Moreover, the D6 stirrups (As=31.67 mm 2 ) with yield strength of 322 N/mm 2 and D10 stirrups (As=71.33 mm 2 ) with yield strength of 322 N/mm 2 were arranged in the non-test shear span to ensure the failure of the test shear span. For series III, the sheaths and grouting were used for both the RC (no prestress) and PC specimens to reduce the difference in casting procedures. The grouting used in the experiments had a compressive strength of 81 N/mm 2 .
c) Test setup and instrumentation
The specimens were subjected to a four-point bending with simply-supported condition. Steel plates with 50 mm width were placed on the pin-hinge supports. Teflon sheets and grease were inserted between the specimen and supports in order to remove the horizontal friction. Steel plates with 65 Table 1 Details of specimens and material properties.
Series
Name mm width were also placed at the loading points. Figure 3 shows the actual loading test setup along with the locations of loading points. During the four-point bending tests, the midspan deflection was measured using four displacement transducers at the midspan and supporting points.
The strain values of concrete and steel rebar in several sections were measured by attaching strain gauges on the surface of the concrete and the steel rebar. In addition, the crack propagation on the surface of the test shear span during the loading test was photographed.
(2) Nonlinear FEM analysis program
A two-dimensional nonlinear FEM analysis using DIANA system (version 9.5) was also conducted to simulate the shear behavior of RC and PC beams in this study. Six-node triangular and eight-node quadrilateral isoparametric plane stress elements were used for all concrete elements. The embedded reinforcement elements which have perfect bond with concrete were selected for steel reinforcements. The mesh size was approximately 50 mm for the squared mesh. However, due to the specimen's geometry, meshes were expect to have different sizes. In order to eliminate the mesh size effect, concrete constitutive models which consider the crack band width h was selected. The crack bandwidth h was calculated equal to A , where A is the total area of the element.
The total strain fixed smeared crack model was applied as the crack model in this analysis. The compression softening effect of the Modified Compression Field Theory 5), 6) was also considered in the constitutive model based on the total strain. As shown in Fig. 4 (a) and (b), parabolic curve model considering compressive fracture energy GFc and Hordijk model considering tensile fracture energy GF were used for the compressive and tensile behavior of concrete, respectively. The compressive fracture energy GFc was obtained from the equation proposed by Nakamura and Higai 7) .
The tensile fracture energy GF was obtained from JSCE specifications 1) :
where, dmax is the maximum aggregate size (mm). For the shear model, as the constant shear retention model with the value of shear retention factor β around 0.1 is the most common one for RC members, when total strain fixed crack model is used, the value of 0.1 for the shear retention factor β was applied for all specimens in series II (Fig. 4 (c) ). The steel plates at the loading point and support of the specimen were assumed to be elastic bodies, while the perfect elastic-plastic model was applied for steel rebars as shown in Fig. 5 . Displacement control with Quasi-Newton method was adopted to solve equilibrium equations. In each step with 0.02 mm displacement increment, when the variation in internal energy became less than 0.01% of the internal energy of the first iteration in the step or the interation number of the step was more than the maximum setting of 400, the iteration process was terminated to move to the next step. In this study, the interation was terminated within 400 times to achieve the convergence. Figure  6 shows the finite element mesh of the specimen TB2 as one example.
EXPERIMENTAL AND ANALYTICAL RESULTS OF TAPERED RC BEAMS
(1) Experimental results and discussion a) Tapered RC short beam without stirrups As it was mentioned previously, based on the experimental results (a/d ratio from 0.33 to 1), Ishibashi et al. 2) reported that for deep tapered RC beams, the effect of the taper was not influential to the shear capacity. The reason may be attributed to the occurrence of the arch action. In order to clarify the shear behavior in short tapered beams, the specimen of TB1 (a/d =1.44) was tested. The crack patterns of TB1 specimen just before and after peak and the load-deflection curves are shown in Figs. 7 and 8. The beam TB1 showed very few flexural cracks and the first flexural crack was observed at 73 kN. At the load of 162 kN, a shear crack at the position of tensile reinforcement occurred and the diagonal crack propagated rapidly close to the loading point. That caused a slight decrement of the load; nevertheless, thereafter the load increased again. As the load increased, the width of the diagonal crack increased as well. Finally, at the load of 298 kN, the beam failed as the concrete crushed near the loading point. The transition of the shear resistance mechanism from the beam action to the arch action was thought to have taken place near the load of 162 kN. This is also confirmed from the values obtained from concrete and steel strain gauges in Fig. 9 . These strain gauges were attached in the position as shown in Fig. 7(a) . At the load of 162 kN, the strain measured by gauge S2 rapidly increased (Fig. 9) , and the strain of concrete at the top fiber also changed abruptly. The compressive strain increased as the applied load increased in the case of the concrete above the loading point (C1). However, the other two places in the shear span show a decrement, which means that the compression strut changes its direction going away from the inclined top fiber. This redistribution of strain in the compression zone corresponds to the formation of the arch action 8) . On the other hand, the shear capacity obtained from the experiment Vexp was compared with the calculated one Vcal using equation (Eq. (3) and Eq. (4)) proposed by Ishibashi et al. 9) for constant depth beams, with effective depth taken at the mid-span of the beam ( Table 2) .
where, V is the shear capacity, d is the effective depth, and p w is the longitudinal steel rebar ratio. The shear capacity obtained from calculation shows good agreement with the experimental values. Therefore, the effect of the taper should not be taken into account in short beams due to the same shear resistance mechanism. Since the arch action developed in the tapered RC short beam without stirrups, the shear resistance was same as that in the RC short beam with constant depth. Such consideration was also found in the previous research by Ishibashi et al. 2) for the tapered deep beams without stirrups. b) Tapered RC slender beam without stirrups
Figures 10 and 11 show the load-deflection curves and crack patterns of the beams in series II just before and after peak. As the failure mode for the two specimens was diagonal tension failure that happened just after the occurrence of the diagonal cracks, the main shear resistance mechanism governed in the tapered beam was considered to be the beam action. Like in the previous research, the tapered beam had the higher shear capacity than that of the constant depth beam. The crack patterns in the two beams were also quite different. It can be seen that there were more flexural cracks in the tapered beam TB2 than in the constant depth beam RB2. The shape of the main diagonal cracks was different as well, that the change of the crack direction in the tapered beam was more obvious. The reason for such difference in shear capacities and crack patterns will be explained in the following section. By comparing the distribution of internal forces in the constant beam and the tapered beam, it can be confirmed from Fig. 12 that, under the same condition, the tensile force in the longitudinal tensile rebar of the tapered beam was larger than that in the constant depth beam due to the reduction of the internal lever arm in the tapered beam. The larger tensile force was considered to result in the larger tensile stress in the rebar as well as the larger bond stress between the concrete and steel bar, which could cause more flexural cracks in the tapered beams.
In order to explain the higher shear capacity in the tapered beams, a new free body model of a tapered RC beam without stirrups just before shear failure was proposed as shown in Fig. 13 , based on the experimental observation and the modification of the concept from MacLeod and Houmsi 4) and Stefanou 10) . The cross section where the shear capacity could be evaluated is defined as the critical section in this study. Therefore, by considering the contribution of the inclined compressive force in the concrete, the force equilibrium and the geometry relations, the shear capacity of tapered RC beams without stirrups can be calculated using the following equations:
where, V is the shear capacity of a tapered RC beam without stirrups; Vc is the shear capacity of the concrete in critical section which uses the effective depth dc of the critical section to calculate; Vhd is the vertical component of the compression force Nc; xc is the distance from support to the critical section; and zc is the internal lever arm of the compressive force line (=jdc) with j = 7/8. Equation (9) is obtained by substituting Eq. (6)- (8) into Eq. (5). Thus, due to the additional contribution of Vhd on shear, the shear capacity of the tapered RC slender beam is supposed to be higher than that of the RC constant depth beam (2.5<a/d<4.5). However, since there is no accurate method for determining the location of the critical section where the shear capacity should be evaluated in the tapered beam, it is still difficult to use the above equations. Therefore, in this paper, nonlinear FEM analysis was carried out to supplement the experimental research to clarify the shear resistance mechanism and identify the critical section.
(2) Nonlinear FEM analysis The nonlinear FEM analyses for RB2 and TB2 were conducted first to check the feasibility of the FEM model. For the analysis results, the distribution of the principal tensile strain just before and after the peak load is shown in Fig. 14 . The large principal tensile strain could be considered as the cracks in the concrete. It is comparable with the crack patterns obtained from the experiment in Fig. 11 where there were more flexural cracks in the tapered beam just before peak load than in the constant depth beam. The crack patterns after peak load were also similar. The load-deflection relationship of these two Fig. 15 . Similar to the experimental results, in the FEM analysis, the shear capacity of the tapered RC beam without stirrups was larger than that of the RC beam with same constant depth. According to such analytical results, especially the results until the peak which are also the main target in this study, the FEM model with constant shear retention factor β equal to 0.1 was supposed to be appropriate to simulate the shear behavior of tapered RC beams without stirrups.
To determine the location of critical section accurately, the detailed FEM analytical results were investigated. The original definition for the critical section in the previous research 10), 11) was defined in terms of the nominal shear stress v=V/bd, where V was the shear force, b and d were the width and the depth of the cross section, respectively. A RC beam without stirrups is considered to fail in shear when v at the critical section exceeds the critical value vc before the flexural capacity of the beam is attained. Thus, the cross section where the shear stress is largest is normally the critical section. However, from the experimental results by Kotsovos 11) , it was proposed that instead of the whole cross section, the compression zone area should be considered more, especially in the simply supported conditions in which the shear stress was constant. Based on the concept of compressive force path proposed by Kotsovos 11) (Fig. 16 (a) ), the compressive stress would reach a critical level at the smallest section of the path, where the stress intensity was the highest. And normally the location where the change in the path direction occurred was the critical location with smallest section. Inspired by such concept with direction change and the original definition of the 2) inclined one from the change point to the support. Thus, modified from the concept proposed by Kotsovos 11) , the critical section is assumed to be the location where the shear stress flow changes direction. By comparing analytical results with the crack patterns from the experiment, such critical section matched with the location where the diagonal crack changed direction, showing the feasibility of this concept. In addition, according to the above concept of critical section and the free body model in Fig. 13 , part (1) of the shear stress flow, close to the top surface of the concrete, was simplified to be 7/8 of the effective depth from the beam action theory (z=7/8d). It makes the inclination of part (2) of the shear stress flow, inclined from the change point to the support, become much significant in determining the critical section.
In order to estimate the slope of the inclined shear stress flow accurately, the values of shear stress  at each Gauss's point were considered using ideas by Lertsamattiyakul et al. 12) . As shown in the upper figure of Fig. 17 , the circles indicate the locations of the Gauss's points in the vertical layer's elements, while the horizontal lines show the relative proportions of the shear stress values. The solid circle then indicates the location where the value of shear stress at the Gauss's point was the maximum in the vertical layer's elements. It was found that the points having the maximum shear stress tended to be positioned in a linear line. Therefore, linear approximation was conducted to find the angle of the shear stress flow. Moreover, to obtain an accurate and general method of determining the position of the critical section in tapered RC beams, the parametric study was conducted by changing the shear span and effective depth at the support and loading point in FEM analysis. Figure 18 shows all the cases simulated in FEM analysis which indicates that, as the slope of the taper increases, the inclination of the flow also increases. When the a/d ratio becomes small, smaller than 2.5, the shear stress flow is supposed to go directly connecting the support and loading point. The effect of the taper disappears for such situation with the occurrence of arch action, which has been investigated in section 3(1). Table 3 shows all the simulated cases and the corresponding angles of the stress flows in Fig. 18 . In order to obtain a simple relation between the slope of the taper and the inclination of the flow, the method of tracing a linear regression curve was used. Since the slope of the taper has more direct effect on the angle of the stress flow than the other factors such as shear span or a/d ratio when the tapered RC beam without stirrups belongs to slender beams region (2.5<a/d<5.0), the linear regression relationship was fitted only between the slope of the taper and the inclination of the shear stress flow. Finally, by tracing a linear regression curve (Fig. 19) the equation was derived as:
Once the inclination of the stress flow was determined, the location of the critical section can be obtained. 
By substituting Eq. (10) and Eq. (11) 
With Eq. (13), the effective depth dc of critical section can be calculated. By substituting the value of dc into the equations by Niwa et al. 13 ) (Eq. (14) and Eq. (15)) which was slightly modified by JSCE and adopted in the standard specifications for design shear capacity of linear members without shear reinforcing steel, the shear capacity Vc of the critical section can be calculated. By substituting the values of dc and Vc into Eq. (9), the shear capacity V of the tapered RC beam without stirrups can be obtained. Since the equation of V will be same as the Vc when the slope of taper is zero, it has a perfect compatibility with the current equation.
(3) Verification of the proposed method in RC tapered slender beams without stirrups In this section, the proposed methodology to identify the location of the critical section and calculate shear capacity is verified against the experimental results. A total of 18 experimental data conducted by Kakuta and Matsui 3) and MacLeod and Houmsi 4) including this study were collected. The summary of the calculations is tabulated in Table 4 . The obtained results show a reasonable agreement with the experimental results. Comparing with the conservative shear capacity calculated with the minimum effective depth ds, the proposed method shows much more accuracy, improving at least 40% by using this new method. The ratio of the shear capacity obtained in the experiment and calculation is also plotted against the slope of taper and a/d ratio in Fig. 20 and shown in Table 4 . The ratio of the shear capacity from the experiment and calculation for tapered RC beams varies from 0.94 to 1.17 with the average value equal to 1.037, while the ratio for constant depth beams varies from 0.96 to 1.16 with the average value equal to 1.037. Moreover, the C.V. value for tapered RC beams is smaller than that of constant depth beams. It shows the high accuracy and compatibility of the proposed method.
EXPERIMENTAL AND ANALYTICAL RESULTS OF TAPERED PC BEAMS (1) Experimental results and discussion
In order to investigate the influence of prestress on shear in the tapered PC beams, two specimens without prestress and two specimens with prestress were tested. By comparing the shear behavior between these two groups, the influence of prestress could be clarified. Figure 21 shows the crack propagations of the four beams in series III, including the cracks just before peak, just after peak and complete failure. The load-deflection curves of the four beams Tapered RC beams: Avg. =1.037 C.V. = 6.8%
Vexp /Vcalc
All beams: Avg. =1.037 C.V. = 6.9%
Constant depth beams: Avg. =1.037 C.V. = 7.6%
: Constant depth beams : Tapered RC beams are shown in Fig. 22 , while Table 5 shows the calculated shear capacities and the experimental shear capacities for these four beams. For the calculation of beam RB3-0, the equations by Niwa et al. 13) (Eq. (14) and Eq. (15)) were used, while the new proposed method from series II was used to calculate the shear capacity of TB3-0. For the PC beam RB3-3, the new factor n which was used to evaluate the effect of prestressing force on shear carried by the concrete in JSCE 1) was used. where, Vc-PC is the shear capacity of a PC beam without stirrups, Vc-RC is the shear capacity of a RC beam with same dimensions and ft is the tensile strength of concrete.
From these results, it can be found that the situations for RC specimens and PC specimens were quite different. For RC specimens, both two specimens showed very typical diagonal tension failure.
Moreover, the evaluation method for a tapered beam had a very good agreement that the shear capacity of a tapered beam in the large a/d ratio and without stirrups was smaller than that of a constant depth beam. The crack patterns of the tapered beam were also similar with those in series II. All of these indicated the correctness of the proposed model and evaluation method in the previous section, even for the tapered beams with large a/d ratio. The reason for the smaller shear capacity in the tapered RC beam with large a/d ratio was supposed to be the larger decrease in the effective depth of the critical section due to the large a/d ratio and small effective depth of the support. It resulted in the greater decrease of the shear capacity Vc compared to the increase by the vertical component Vhd in Eq. (5). Thus the total shear capacity V became smaller than that of the constant depth beam.
For PC specimens, the diagonal cracks in RB3-3 became flatter than that in RB3-0, while the main diagonal crack in TB3-3 shifted from the support to the middle shear span. Such changing of crack patterns is supposed to be caused by the large compressive stress near the support area, making the crack flat and difficult to develop there. For the shear capacity, the current JSCE evaluation method for a PC constant depth beam showed a smaller shear capacity than that in the experimental result. The reason for the different shear capacity for RB3-3 is supposed to be the unexpected arch action. Moreover, the tapered beam had the higher shear capacity than that of a constant depth beam when the prestressing force was introduced. The detail discussion will be conducted in the following section together with the FEM analysis results.
(2) Nonlinear FEM analysis In order to understand the shear resistance mechanism of tapered PC beams, a two-dimensional nonlinear FEM analysis using DIANA system was conducted to simulate the shear behavior of the four beams in series III.
For RC specimens, the same material model and setting as described in section 2.2 were used. Figure  23 shows the FEM analysis results including the principle tensile strains just before and after the peak, and the load deflection curves for the RC specimens in series III. Just as in the FEM analysis in section 3.2, the results show a good agreement with the experimental results.
For the PC specimens, as shown in Fig. 24 , the smaller crack width and larger aggregate interlock action compared to those in the RC beams were expected due to the prestressing force. Therefore, the constant shear retention factor (β = 0.1) was considered unsuitable for the PC specimens and larger shear retention factor was tried in the analysis. Figure 25 (a) shows the analytical results for the beam TB3-3 as the example. It was found that the constant shear retention factor (β = 0.1) was not appropriate and with larger shear retention factor, better analysis results were obtained. However, as the factor became larger than 0.3, there was no significant improvement for the shear behavior. Moreover, since the shear retention factor was considered to be related to the crack width as well as to the prestress level, the value of the factor needs to be adjusted according to the specimens, making the constant shear retention model not ideal for PC members as a general shear model. Therefore, another shear model using the aggregate size-based shear retention was adopted as an attempt. The basic consideration of the shear model is that, the shear stiffness of a crack diminished with further opening of the crack, while assuming that all contact is lost once the crack opens wider than half the mean aggregate size. A linear decay of the shear retention is assumed as follows:
where dagg is the mean aggregate size, n is the crack normal strain, and h is the crack bandwidth. Figure  25 (b) shows the analytical results for RC specimen TB3-0 and PC specimen TB3-3. Since the aggregate size based shear retention model had the better results in TB3-3, and it would automatically calculate the shear retention factor during the analysis, it was considered to be more suitable for PC analysis cases. However, it overestimated the shear capacity for RC specimens. As the constant shear retention model had a good agreement for RC beams, the aggregate size-based shear retention model was only adopted in PC beams. Figure 26 shows the FEM analysis results including the principle tensile strains just before and after the peak, and the load deflection curves for the PC specimens in series III. The results show a relatively good agreement with the experimental results. Moreover, the cracks or the principle tensile strains just before the peak also matched with the expectation and the experimental results that fewer flexural cracks and smaller tensile strains in PC specimens were obtained. For the post-peak behavior, since the shear failure was difficult to simulate perfectly, and the shear behavior before the peak was the main target of this study, the small difference after the peak was also accepted. For the exact value of shear retention factor, just before the peak, the minimum value obtained from the calculation was about 0.91 and 0.9 for RB3-3 and TB3-3, respectively. For the situation just after the peak, since the tensile strain was affected by the displacement increment as well, the current minimum value obtained from the calculation was about 0.53 and 0 for the RB3-3 and TB3-3 specimens respectively, with each step of 0.02 mm displacement increment. Such results were considered to be more realistic and suitable than those from the constant shear retention model for PC specimens. About the gap of shear capacity in the beam RB3-3, the analysis result is very near the calculation value in Table 5 and the first drop of the load in the experiment, where some cracks occurred along the tensile rebars. Such types of cracks were supposed to cause the loss of bond and the occurrence of the arch action in the beam, resulting in the higher shear capacity. Since the perfect bonding was assumed in the analysis, the arch action did not happen in the analysis, making the shear capacity close to the calculation and slightly lower than the experimental value. As an example of the evidence, Fig. 27 shows some typical concrete strain distributions until peak for experiment and analysis in the beam RB3-3. For most strain distributions, a good agreement until peak also indicates the consistency of the analysis with the experimental results. However, the compressive strains at the top of concrete (C3-1, C1-1 and C3-2) in the analysis kept increasing with the load, while the decrease in these concrete strains were observed in the experiment, as well as the rapid increase for C3-3 in the experiment, which means that the compression strut changed its direction going away from the top. This redistribution of strains in the compression zone corresponds to the formation of the arch action 8) . Using the same method, the concrete strain distributions until peak for experiment and analysis in the beam TB3-3 were investigated as well. Figure 28 shows the typical examples in the C1 and C4 sections. From such strain distributions, very typical beam action could be found and no arch action occurred. In addition, apart from the difference between the tensile strain after the occurrence of cracks in C1-3 and C4-3, the good agreement until peak also indicates that the FEM model using DIANA system is appropriate to simulate shear behaviors of tapered PC beams in large a/d ratio and without stirrups. -600 -300 0 300
Load (kN) (3) Evaluation method for shear capacity of PC tapered slender beams without stirrups In order to propose the evaluation method for the shear capacity of PC tapered slender beams without stirrups, the critical sections of beams TB3-0 and TB3-3 were investigated using the same method in section 3.2. Figure 29 shows the inclinations of shear stress flows in beams TB3-0 and TB3-3 with the critical sections. The inclination of stress flow became smaller with the influence of the prestress, resulting in the larger effective depth of the critical section. From the crack patterns of the experiments, similar to the situation of RC tapered beams, the location where the diagonal cracks changed the direction in TB3-3 also matched with the location obtained from the analysis. However, as the shear resistance mechanism from the shear stress distribution shows a similarity, the assumption was proposed that the same evaluation method could be adopted for PC tapered slender beams by using the critical section model in section 3.2. Therefore, with the equations by Niwa et al. 13) (Eq. (14) and Eq. (15)), the equation (9) and the effective depth dc from the analysis, the shear capacity of TB3-3 was calculated. And the calculated results are shown in Table 6 , which indicates a very good evaluation for the shear capacity of TB3-3.
In order to determine the location of critical section in PC tapered slender beams as well as propose a general evaluation method for other situations, the parametric study was conducted by changing the a/d ratio and prestress level in the FEM analysis. Figure  30 shows some cases simulated in the FEM analysis, while Table 7 shows all information on the simulated cases and the corresponding angles of the shear stress flows. From these results, it is clear that when the prestress level became large enough, the value of tanθstress tended to be close to the value of dm/a, which means the shear stress flow connecting the support and loading point. Such situation is predictable for the extreme cases of large prestress from the current analysis results. In addition, the changing of the value of tanθstress slowed down when the prestress level became larger than around 3 N/mm 2 or the tensile strength of the concrete, which also can be found in Fig. 31 . Therefore, the new equation of tanθstress for PC tapered beams without stirrups is supposed to include these three new factors: prestress level, value of dm/a, and the tensile strength of the concrete ft. Inspired by Eq. (17), σpc/ft was considered as one parameter. In addition, the new equation should change back to Eq. (10) when σpc is zero, while the value of tanθstress should be close to dm/a when σpc is large enough. By using trial-fitting method to make the gap between calculations and analysis results small, together with satisfying all the above conditions, the new equation of tanθstress for PC tapered beams without stirrups is proposed: 
where, tanθstress-PC is the value for the PC tapered beams without stirrups, and tanθstress-RC is the value from Eq. (10). The curve of the new equation is shown in Fig. 31 , which indicates a relatively good agreement with the results from the FEM analysis. Since equation (19) will be the same as equation (10) when the prestress level is zero, it has a perfect compatibility with the evaluation method for RC tapered beams without stirrups. Same as the derivation in section 3.2, the effective depth dc for the critical section can be calculated after the inclination of shear stress flow is determined. Finally, the shear Table 6 Shear capacity of experiment and calculation for TB3-3. except this study, it is difficult to verify the validity of the proposed method further. Thus, doing more experiments of PC tapered beams to verify and modify the proposed method is the future direction of this study.
CONCLUSIONS
The purpose of this paper is to clarify the shear resistance mechanism of RC and PC tapered beams without stirrups, and propose a new evaluation method for the shear capacity with diagonal tension failure. The present study pointed out some parameters that were not considered in the previous researches but still important for the shear behavior. Based on the experimental and analytical results, the following conclusions can be drawn: 1) In RC tapered short beams without stirrups (a/d = 1.44), there was no effect of the taper due to the arch action.
2) In RC tapered slender beams without stirrups (2.5<a/d<5.0), the inclination of the shear stress flow increased as the slope of taper increased. The simple linear relationship between slope of the taper and inclination of the stress flow for tapered RC beams without stirrups was proposed.
3) Using the proposed method, the location of critical section of RC tapered slender beams without stirrups could be determined easily, and the calculated shear capacity showed a reasonable agreement with the experimental results. 
